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How neutrino oscillations can induce an effective neutrino number
of less than three during big bang nucleosynthesis
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Ordinary-sterile neutrino oscillations can generate significant neutrino asymmetry in the early Universe. In
this paper we extend this work by computing the evolution of neutrino asymmetries and light element abun-
dances during the big bang nucleosynthéBBN) epoch. We show that a significant electron-neutrino asym-
metry can be generated in a way that is approximately independent of the oscillation parasnétensd
sirf26 for a range of parameters in an interesting class of models. The numerical value of the asymmetry leads
to thepredictionthat the effective number of neutrino flavors during BBN is either about 2.5 or 3.4, depending
on the sign of the asymmetry. Interestingly, one class of primordial deuterium abundance data favors an
effective number of neutrino flavors during the epoch of BBN of less thd®®@56-282197)03822-9

PACS numbdss): 14.60.Pq, 13.15:.g, 26.35:+cC

[. INTRODUCTION which is in fact the dominant process affecting the evolution
of the lepton number at low temperatures. For the application
The possible existence of sterile neutrinos can be moticonsidered in Ref.5], the evolution of the lepton number at
vated by the solar neutrino, atmospheric neutrino, and LSNIow temperatures was not required. However, for the appli-
experimentg1]. There are also interesting theoretical moti- cation of the present paper the accurate evolution of the lep-
vations for the existence of light sterile neutrinos. For ex-ton number to temperaturds~1 MeV is necessary in order
ample, if nature respects an exact unbroken parity symmetry© Study its precise effect on BBN reaction rates.

then three necessarily light mirror neutrinos must ep3t The outline of this paper is as follows. In Sec. Il we set
In view of this, it is interesting to study the implications of the scene with a brief review of the effects of neutrino asym-

ordinary-sterile neutrino oscillations for both particle physicsmetry_ on BBN. In Sec. lll we develop a simple formalism
describing the evolution of the lepton number at low tem-

and cosmology. The effects of ordinary-sterile neutrino os- i here the MSW effect is i tant. Thi K
cillations in the early Universe are actually quite remarkable PEratures where the etiect 1S important. This work can

. . also be viewed as an extension of our previous sty
It turns out that for a wide range of parameters, ordinary-

. . - . where the evolution of the lepton number at higher tempera-
sterile neutrino oscillations generate a large neutrino asy

3 Isa4]). (A | . ol Mure was studied in detail. In this section we also examine the
metry[3] (see als¢4)). (A large neutrino asymmetry implies implications for BBN of direct electron asymmetry genera-

that the Universe has a net nonzero lepton number given th%n by ve-v, oscillations. In Sec. IV we examine a more

. . e S . .
the electron asymmetry is necessarily small due to the chargieresting scenario where electron asymmetry is generated
neutrality requirement.One important implication of this indirectly. In Sec. V we provide a check of our simple for-
result is that the bounds on ordinary-sterile oscillation pamalism (of Sec. Ill) by numerically solving the exact quan-

rameters that can be derived mainly from energy densityum kinetic equations. Finally, in Sec. VI we conclude.
considerations during big bang nucleosynthg¢&BN) are

severely affectedsee Ref[5] for a detailed analysjsHow-
ever, electron lepton number can also affect BBN directly || ELECTRON-NEUTRINO ASYMMETRY AND BBN
through the modification of nuclear reaction rates. It is this ] o .
issue that we will study in this paper. Standard BBN can give c;:fl prediction fpr the effective
In a previous papqﬁ], we showed that for a wide range number of neutrino ﬂa.Vorg,\l]e/ present dunng nucleosyn'
of parameters, the evolution of the lepton number can béhesis. This prediction depends on the baryon to photon
approximately described by a relatively simple first-ordernumber-density ratio; and the primordial helium mass frac-
integro-differential equation. We called the approximationtion Yp. A precise determination of the primordial deute-
used there the “static approximation” because it holds profium abundance will provide a quite sensitive measurement
vided that the system is sufficiently smooth. The static apof 7. Once » is known, the effective number of neutrinos
proximation is valid in the region where the evolution of the present during nucleosynthesis depends only Yon At
lepton number is dominated by collisions. In particular, forpresent there are two conflicting deuterium observations in
the temperature at which the lepton number is initially pro-different high-redshift low-metallicity quasistellar object ab-
duced, this approximation is generally valid fbjm2|z sorbers. There is the high-deuterium result of R€f. which
1072 eV2 [5]. However, it is not expected to be valid for suggests thaD/H=(1.9+0.4x10"*. On the other hand,
temperatures much less than the temperature at which tie Ref. [8] the low-deuterium result ofD/H=[2.3
lepton number is initially generated. This is because thet0.3(stah=0.3(sysh]x107° is obtained. The implications
static approximation discussed in RES] does not incorpo- of these results for the prediction Nﬁﬁ have been discussed
rate the Mikheyev-Smirnov-WolfensteitMSW) effect [6], in a number of recent papef8]. Depending on which of
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these two values of the deuterium abundance is assumeg(n+y,—p+e ) +r(n+e*—p+v,) and A(p—n)=
different predictions for » are obtained. The high-
deuterium result leads t§~2x 10" 20 while the low deute-
rium result leads tay~7x 10 1°[9]. Each of these predic-

tions for », together with the inferred primordial abundance
of “He, allows a prediction foN°" to be madd9]. Accord-

Mp+ ve—n+et)+N(p+e —n+v,). The reaction rates
(per nucleoim are obtained by integrating the square of the
matrix element weighted by the available phase space. For
example, the rate for the process v.—p+e~ is given by

ing to Ref.[10], for example, the high-deuterium case leads AN+ve—pt+e)
to
Ne=2.0+0.3, i = f fEN1—fo(EQIIMIZ, ,o(2m)7°
while the low-deuterium case leads to d*p, d®pe dp,,
x & (n+v—p—e) 2E, 2E, 2E,’ (6)

NeT=1.9+0.3, )
N where f;(E;)) is the Fermi-Dirac distribution
where the errors are gt 68% eCﬁ.L. The mnymal Sta”darq‘i(Ei)E[exp(Ei /T)+1]"%. These reaction rates are modified
model of course predicts thal,"=3. Thus, if the low- i, the presence of significant electron-neutrino asymmetry. If
deuterium result were correct, then new physics would prethe neutrino asymmetry is produced at temperatures above
sumably be requireffl1]. Of course, estimating the primor- apoyt 1.5 MeV and is constant over the temperature range of

primordial helium abundance has been underestiméted potentialsy, and 4, to the distributionsf, and -

other words, even if the low-deuterium measurement is cor-

eff_~ : . . . . .
rect!\l,, =3 is not |_nconS|ste|)11 Fortunat(_aly, the situation is Ill. NEUTRINO OSCILLATION GENERATED

continually improving as more obser\_/atlons and analyses are NEUTRINO ASYMMETRY

done. In the interim it is useful to identify and study the

types of particle physics that can leadN§"<3. We now discuss the effects of neutrino oscillations, as-

One possibility is that the electron lepton number is largeSuming that a sterile neutrino exists. Our convention for the
enough to significantly affect BBNi.e., L, =0.01) [12].  neutrino oscillation paramete@m? and sif26, is as fol-

The relationship between an electron-neutrino asymmetr{PWs- For v,-vs oscillations (with a=e,u,7), the weak
and the effective number of neutrino species arises as fofigenstates,, andw, are linear combinations of mass eigen-
lows. A nonzero electron-neutrino asymmetry modifies theStatesva and vy :
nucleon reaction rateif- ve—p+e an_dn+e+<—>p+ Ve), v,=C0Hgv,+ SiNdyvy, , vs= —SiNdyra+ coHyry, (7)
which keep the neutrons and protons in thermal equilibrium
down to temperatures of about 0.7 MeV. A modification of where the vacuum mixing angl®, is defined so that
these rates affects the ratio of neutrons to protons and hene®s2,=0. Further, we define the oscillation paramef >
changes the prediction ofp [12]. A change ofYp can be  py sm2.=m2—m2. Also, the term “neutrino” will some-
equivalently expressed as a change in the effective numbeines include antineutrino as well. We hope that the correct
of neutrino speciessN®™ present during nucleosynthesis. meaning will be clear from context.
These quantities are related by the equatieee, e.g., Ref. Ordinary-sterile neutrino oscillations can create a signifi-
[13]) cant lepton number provided th@m?,<0 and|ém3y=
5YP20.0125N§ﬁ. 3) 104 e\/?. For full detgils,- see .Re.f$3]—.[5]. In.th-e following
we considew .- v¢ oscillations in isolation. It is important to
note that this is not in general valid because the effective
gotential(see below depends on all of the lepton asymme-
tries. However, it is approximately valid for the ordinary-
sterile neutrino oscillations that have the largest?| [5].
0.4 MeV=T=1.5 MeV, (4 The effective potential describing the coherent forward
_ scattering of neutrinos of momentup=|p|=E with the
where the reactiona+ v.«—»p+e~ andn+e’ —p+ v, fix background i§15,6]
the neutron to proton ratio. For temperatures less than about
0.4 MeV, these reaction rates become so slow that the domi-

The effect of the electron-neutrino asymmetry on the primor
dial helium abundance is most important in the temperatur
region

2

a)\ as

nant process affecting the neutron to proton ratio is neutron Vo=V,(T,p,L¥)= 2p (—a+bh), ®)
decay. Note that the helium mass fractigp satisfies the
differential equatiorj14], where the dimensionless functioasandb are given by

dYp —4£(3)\2GeT3L @p

— = - = (@)=

Tt AN—=p)Yp+A(p—n)(2—Y5p), (5) a=a(T,p,L¥) 2o, ,
whereN(n—p) [A(p—n)] is the rate at which neutrons are _ An 2
converted into protonfprotons are converted to neutrgns b=b(T,p)= 4£(3)\/§GFT AdP (9)

2 2 ’
For temperatures in the range of E¢d), A(n—p)= 72 oMMy



56 HOW NEUTRINO OSCILLATIONS CAN INDUCE AN ... 6655
and/(3)=1.202 is the Riemann zeta function ofG; is the  that the amplitude of the oscillations at the MSW resonance

Fermi constantMy, is the W-boson massA.=17, and is given roughly by sifLi,/2LM. ., whereL i~ 1/GZp,eT* is

A, =4.9[16]. The quantityL (%) is given by the interaction length at the resonance and
(@ LM ~2pes/Sin20,| Sm2 | is the oscillation length at the
L'=L, +L, L, +L, + 7, (10 resonancés). So, at the resonance,
wherel, =(n, —n;")/n, with n; being the number density Liw  Sin26, |om _ T.|°
of speciesi. In kinetic equilibriumn; and hencel(® is in " GZpal® 2Pres =10Psin26, ?} . (13
general a function of the independent variables (the ose

chemical potentialand T. For the situation we will be con- |, hare we have used the approximatigge=(p)=3.15T for
sidering, the asymmetri(® quickly becomes independent the resonance momentum. Thus Zkjg/2LM <1 for T
of its initial value (see Ref[5] for a complete discussion =T., provided that sif2d,<10%, and so the MSW transi-
This effectively means that; is not an independent variable tioncs’ are heavily suppregsed Hé)wevleip,t/Lm ~1/TS rap-
. a) : [eSe
?hUt rather tt)§<|:|ome]§ a Iynctgr)n 6|f The;j asyrrérrtl)etry_(f) 'S idly increases a3 becomes lower. Also, fof =T, it turns
fus essentially a function o only anda andb are fUnc- -,y 4 Pres/ T<0.8 (see later. Taking these factors into
tions ofp andT only. The quantityp=L,/2 is a small term ccount, Ly /L™ =1 for T=T,/2, provided that s#2d,

~10°1! - -
(~10719 that arises from the asymmetries of baryons an 3x10° 2. In this case the MSW effect will not be sup-

teriicérl?:r?fit-il—g; r:s;tgrtml(;(:;gh?g]gles are expressed in terms cE)fressed if the oscillations are adiabatic. Furthermore, the os-

cillations are generally adiabatic for the parameter space of
sirt26, interest in this paper(which turns out to be|smZ
Sinf26,+ (b—a—cosd,)?’ =10 " eV?).
0 0 The key task in this paper is to analyze the evolution of
P (@) the lepton number fof <T./2 when MSW transitions be-
Sinf20,=sinf20(T,p,L'") come important(The effect of MSW transitions was noted
sirt26, in Ref. [5], but since the evolution of the lepton number to
=S 5. (11 low temperatures was not required for the application con-
Si26,+ (b+a—cos) sidered there, we did not study the effect of MSW transitions

Note that the MSW resonance occurs for neutrinos of moln any detail, except to note that they kelepa growing like

mentump when 6,,= /4 and for antineutrinos of momen- 1/T" for low temperatures Now, through the quantum ki-
tum p when 6,,=w/4, which from Eq.(11) implies that netic equat|0n_$18], the evolution of the lepton number can
. - - be calculated in a close to exact manner, including the effects
b-a=cos X, andb+a=cosd,, respectively. of both collisions and oscillations between collisions. How-
If sin®26,<1, then it can be shown that oscillations with y

b<1 create a lepton number, while the oscillations with €VeT these complicated coupled equations have two notable

b>1 destroy a lepton numbgs,3]. Since(by~TS, it fol- drawbacks. First, they do not furnish as much physical in-

. . . sight as one might wish. Second, they are impractically com-
lows that at some point the lepton number creating oscilla- i d wh ish id f h
tions dominates over the lepton number destroying oscillaP Icated when one wishes to consider a system of more than

Iwo neutrino flavors. Since the physics of MSW transitions is

tions (where the angular brackets denote the therma he essence of how the lepton number evolves during the

mog:\e?éumh?vebragtﬁ\évievx:ll gg{ t:gs tim%erftg;gﬁg' E '15 BBN epoch and since we will later need to consider a system
g ughly by perature wheb)= 0~ of four neutrino flavors, we now pursue a very useful ap-

SiNf20,=si26,,(T,p,L( @)=

that s, proximate approach instead of employing the full quantum
2\ 16 kinetic equations. We will, along the way check the veracity

T0213(16)(|5ma5| MeV (12) of our approximate approach by comparing results with

eV? those obtained from the quantum kinetic equations in the

two-flavor casgsee Sec. Y This will give us confidence in

for ve-vs (v, ~vs) Oscillations. the use of our appproximate formalism in the four-flavor
It is important to note that there are two distinct contribu-case considered later in this paper.

tions to the rate of change of the lepton number. One contri- For definiteness we will assume that the lepton number
bution is from the oscillations between collisions. The othercreated at the temperatufe= T, is positive in sign/19]. In
is from the collisions themselves, which deplete neutrinoshis case note thaé,b>0 given also that5m§s<o, The
and antineutrinos at different rates irCd asymmetric back- momentum of the antineutrino oscillation resonariob-
ground. It turns out that fof =T, the lepton number evo- tained from the conditiob+ a= cos,=1) typically moves
lution is dominated by collisions for the small vacuum mix- to quite low value9,./ T<0.8 (for T<T,). In contrast, the
ing angle case we are considering assuming fhat.|=  neutrino oscillation resonance momentum obtained from
10~ eV? [3-5,17. Oscillations between collisions, and in —a-+b=1 moves to a very high valug../ T>1 (see Fig. 2
particular MSW transitions, can be ignored f6& T, be-  in Sec. V for an illustration of this As b=(b)~ T® becomes
cause the interactions are so rapid that the mean distanggnaller, the neutrino momentum resonangg/T very
between collisionsL;,; is much smaller than the matter- quickly becomes so high that its effects can be neglected
oscillation lengthL g (and consequently the neutrino cannot because the resonance occurs in the tail of the neutrino mo-

evolve coherently through the resonancko see this note mentum distribution. Thus, foT<T., we can, to a good
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approximation ignore the neutrinos and simply study the efwrite the chemical potentials in terms bf, . Now, for each

fects of the MSW transitions on the antineutrinos. In thistemperaturd, the neutrino asymmetry is created at the neu-
case all the antineutrinos that pass through the resonance affo momentump,... However, for temperatures greater

converted into sterile neutrinos and vice vefgae MSW

than about 1 Me\20] the effect of the weak interactions is

effecy. The rate of change of the lepton number is thus reto thermalize quickly the neutrino momentum distributions.
lated to the number of antineutrinos minus the number ofrhis means that the neutrino asymmetry is approximately
sterile antineutrinos that pass through the resonance. Notfstributed throughout the neutrino momentum spectrum via

that this rate is independent of the precise value
provided that sif2g,<1. Under this assumption

=_ —NV_“_NV_S Ti pLes
n dT\ T

Y
whereN; describes the momentum distribution of spedies
so thatn; = [y N;dp. In thermal equilibrium,

dL,,

aT - 44

1 2
N]T:_zp—
« 2 P+,

1+exr< T 4)

In Eq. (14) the factor Td(p,d/T)/dT=dp,/dT—p/T

=dp,/dT—dp/dT is the rate at whiclp,.schanges relative
to the neutrino momentunffor neutrinos with momentum
pP~prey- Note thatN,,S:O if the number density of sterile

neutrinos is negligible. The functiond; in Eq. (14) are
evaluated at the resonance momentppy obtained as a
function of LVH(T) and T from the resonance condition

a=Ccos¥,=1,
— w2 8m?

Ped TLy, (D] 2
T © 8(3)V2G¢TAL,,

(19

pres
S . (16

where we have considered the cage Lvﬁ<Lya for B+ a.

Note that this expression is only valid fée= T /2 where the
b term can be neglected. Using

d(pres/T) _ 5(pres/T) &(pres/T) dLVa

dT aT gL,  dT
dL
_ %s_ Pres Vo
B 4T2 TL, dT’ (17)
Eq. (14) yields
dL,  —4Xp,d/T
a pres (18)

dT ~ T+XpedL,

where we have assumet(p,./T)/dT<0. The useful di-
mensionless quantit is given by

.
X=X[T Py (TN (T)]= = (N, =N,
Y

(19

and it is evaluated gh= pyes.
Equation(18) is a nonlinear equation inva. The right-

hand side of this equation depends lop throughpyes di-
rectly, through the dependence Xfon p,.s and through the

chemical potentials for the neutrinos and antineutrinos. In
general,

L

1 (= xdx 1 (= x3dx
= | . 20
« 47(3)Jo 1+e<tH  4L(3)Jo 1+extHy
where = pu;/T andi= v,? Expanding Eq(20), we find
that

L 2—;[772(’“ —75) —6(m2— 752
v 24{(3) My— My My lu’,,

a

~3 ~3
+ (=], (2D)
which is an exact equation far,= — u,; otherwise it holds
to a good approximation provided thai,;=1. For T
=Tdec (Where Tge=3 MeV and T4;l=5 MeV are the
chemical decoupling temperatu}emya:—,u,,—a because

processes such as,+ v,—e"+e” are rapid enough to
makew,+ 1, = e+ + ie- = 0. However, for 1 Me\&T=
Taecr Weak interactions are rapid enough to thermalize ap-
proximately the neutrino momentum distributions, but not
rapid enough to keep the neutrinos in chemical equilibrium.
In this case, the value oft, is approximately frozen at
T=Tg., While the antineutrino chemical potentiaf,”con-
tinues increasing untir=1 MeV.

We also need to specify the initial condition in order to
solve Eq.(18). To do so we need to know the vaIueLo,]‘a at

some temperaturé; <T_. at which MSW transitions are al-
ready dominant. Thitya value can be obtained by solving
the exact quantum kinetic equations, based on the density
matrix, which incorporate both collision and oscillation ef-
fects. Fortunately, it turns out that the subsequent evolution
of the lepton number is reasonably insensitive to what tem-
peratureT; is chosen as the initial temperature for E48),
provided thatT; is chosen during the epoch aftéy for
which L, <1 [21]. When the asymmetry, <1, Eq.(18)

can be simplified tall, /dT=—4L, /T, which means that
LVQT4 is approximately constant. This means tpat/T is
also approximately constant given tha,ta is related to the

resonance momentupyesby Eq.(16). As we will discuss in
Sec. V, a numerical solution of the quantum kinetic equa-
tions shows thap,./T is generally in the range

0.2<p,os/ T<0.8 (22)

for T values aroundl;=T /2 when the oscillation param-
eters have been chosen to lie in the parameter space of inter-
est, which turns out to bésm?|=10"* eV? and sirf26,
=5x10"10 (eV?/|sm?)*®. [This lower bound for the mix-

ing angle ensures that a suitably large asymmetry is created

number densities. In order to solve this equation, we need tat T, [5]. The result of Eq(22) can also be gleaned from the
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static approximation based results of R&f.] We will from Equation(18) is an approximation based on the neglect of

now on use a value of about,/2 for T;. collisions and the assumption of complete MSW conversion.
Before presenting the results of a numerical solution oBy numerically integrating the exact quantum kinetic equa-

Eq. (18) for the final asymmetry., , it is interesting to note tions[18], we have checked that EGL8) does indeed accu-

that an approximately correct answer is easily obtained fronfately describe the evolution of the neutrino asymmetry in
the following argument. AJ falls belowT,/2, the asymme- the range 1 MeV=T=T./2. We will discuss this and pro-
try keeps increasing. This eventually forces the rate otide an illustrative example in Sec. V. _
change oL, to decrease substantially. Recall tdat, /dT As preparation for the application of the above formalism
is proportional to the how quickly the resonance momentun{® BBN, we need to discuss how an asymmetryircan be

Drec MOVES as per Eq14). Whenl, is large, p,.o/T must generated in the context of an overall neutrino mixing sce-
res . Vo 1Mres!

) nario. There are two generic ways of producing a nonzero
move to large values in order to create a lepton number,

‘ ) L, . First, v.- v Oscillations can generate, directly. Alter-
Eventually,p,./ T— and all of the antineutrinos that have . e
passed through the resonance have been converted into st3fivel: v~ vs (andfor v,,-v) oscillations can generate a
ile neutrinos. Thus, assuming that the initial number of ster-argel‘vf (and/orL,,M), some of which is then transferred to
ile neutrinos is negligible and also neglecting the modifical-», Y v+~ ve (and/orv ,-ve) oscillations.
tion of the distribution due to the chemical potential, we The direct way of generatingve is only possible in spe-

expect that the final value of the lepton numhéLrY is given  cial circumstances. Eithésm2]>| sm2, |5mis| or v has
roughly by significant mixing withy, only. Only in these circumstances
can we consider,- v oscillations in isolation. For this case

LfV 1 < x2dx 3 we have estimated the effects of the neutrino asymmetry on
— = =, (23)  BBN by writing a nucleosynthesis code. We find that.8
h  4¢3))p 71+€* 8
£3) Jpnrr = 6N®"<-0.1 requires §6m2{ in the range 0.57 eV2.
2 .

whereh=T2 /T2 (note thath=1 for T=m,=0.5 Me\) and For|smZ{=<0.5 e\ the lepton number is created too late to

ignificantly affect BBN, while fof Sm2]=7 e\? the lep-
Pin/T is the value ofp,./T [and is in the range of Eq22)] signricantly atiec , while fort ome © eep

{T=T/2 Itis int tina that the final i ton number is created so early that it leadsété,<—1.8
at 1=1<. 1t Is interesting that the final asymmetry 2'5 aP- and thus appears to be too great a modification of BBN to be
proximately independent gf;,/T and hence also ofm;.

s . consistent with the observations. Note, however, that for
This is because;,/T from Eq. (22) is always small. sirf26, large enough, the sterile neutrino can be excited at

Actually, the final value of the lepton number is some-yemneratures before a significant lepton number is generated
what less than 3/0.375 if it is created whelf=1 MeV. (which for |sm2]~1 eV is T=13 MeV). This can lead to
2 = .

Ih's IIIS begausg thetr;]urrllbetr den5|tybof an'ilaeutrlrlllos dl's tc_%nén increase in the energy density, which ¢partially) com-
inually reduced as the lepton numboer is thermally distn “pensate for a large positive electron lepton number.

uted via the chemical potential. Thtllé,a depends on the While the above direct way of generatihg is a possi-
temperature at which, becomes large (1G roughly) and ity we believe that a more interesting possibility is that
thus on| sm2|. Numerically solving Eq(18), assuming that L, is generated indirectly. As we will show, this mechanism
the initial number of sterile neutrinos is negligible, we find gives SN,~ —0.5 (assumingL, >0) for a wide range of
. 14 : Ve
that the final value of the lepton number{ 2] parameters. This mechanism is also the only possibility if
2 2 2 2 ; ;
L' 1h=0.35 for |oml]/eV2=3, |5_m75|>|5mes| (or|5mﬂs|>|5.mes|), assuming thats mixes
a with all three ordinary neutrinos.

L' /h=0.23 for 3<|6m?3/eV><3000,
IV. AN EXAMPLE WITH FOUR NEUTRINOS

f — 2 2
LVa/h—0.29 for | omi|/eV*=3000. (24 Consider the system comprising.,v, ,ve,vs. An ex-

. . . perimental motivation for the sterile neutrino comes from the
In numerically solving Eq.(18) we start the evolution at cyrrent neutrino anomalies. There are several ways in which
T=T/2 with p;n/T in the range of Eq(22 and with a  the sterile neutrino can help solve these problems. For ex-
Corl’espondlng_va obtained through que) We find that amp'e, the solar neutrino prob'em can be solved if

Lfya is approximately independent of the initial valuelof, sm2JeV?=10"° and sif26,=10"2 (small angle MSW so-

for p;,/T in this range. lution) [6] or if 1072<|ém2J/eV?<10° and sirf26,=1
The temperature where the final neutrino asymmetry igmaximal oscillation solution[23]. Alternatively, »,,- v 0s-
reached is approximately, cillations can solve the atmospheric neutrino problem if
|6m%¢|=10"2eV2 and sif26,=1 [24].
T!=0.5] sm?|/evV?)¥* MeV. (25) We will assume tham, >m, ,m, m,, which means
that

This result can be obtained analytically by using the reso-
nance relation(16) with LvaszV andp,./ T~6 (sinceLfV
is not reached untib,./ T>1 and we takep,es/T~6 for  |SM2|=|omZ|=|om’|=|omZ, [>|smZ],|omi .| sm2 ).

definitenesp g (26)
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With the above assumptiom, - v¢ oscillations initially create

significantL, at the ter%per;tu%:TczlGd 5M2|/gv2)1’6. a(SE/T) = (9(;_1”) = a(SE/T) = _Z(F:Tl)/T) :
As before, we will assume that the sign bf is positive r Y Ve L

[19]. The effect ofv,-v, andv,-v, oscillations is to gener-
ateL,_andL, insuchaway that®—-L=L, —L, —0
and L(“)—L(T) L, —L, —0, respectively{4,5,29. [Note
that if L, >0, then the MSW resonances for,-v, and

IP2/T) _ d(p2/T) — —(p2/T)  d(p2/T) _
oL, — dL,,  LO—L@’ iL,, I

a(p3/T)  d(pa/T)  —(p3/T)  a(pslT)

v,-v, oscillations occur for antineutrinogiven also our =— = =0,
assump'uon tham, >m,_ ) and so the signs df,_andL, Iy, b,  LO-L Ly,

are also positive. However the rate of change of the Iepton apiIT)  —ap,

number due to collisions, the dominant process at higher &IT = ?' (30)

is typically too small to generate from L, efficiently
[4,5]. However, ad, becomes large at lowdT, the lepton By the symmetry of the problent,, L, P2=ps and

number can be eff|C|entIy transferred by MSW transitions.q| | /dT dL,_/dT [26]. Using this S|mp||f|cat|0n we find
(WhenL, <1,MSW transitions cannot efficiently credie that
becauseNj N, =0 and MSW transitions only inter-

changev_, with v_e without changing their overall number dLVe dLV,L A dLVf ,3 dL

density) The rate of change of the lepton number due to dT _ dT B’ dT :Z 2 dT (31)
- vz oscillations is simply given by the difference in rates
Ve V'g_ — . _py g oy . . whereA= vy, +ad andB=y,y,— 36, with
for which v, antineutrinos andv, antineutrinos pass
through the resonan((assummg that sf26,<1). We need Py [
to consider the three resonances v, v,-ve, andv - v, 4Xy T2 —8X; T2|
for our system. We denote the resonance momenta of these
resonances by, p,, and ps, respectively. The rate of P P,
change of the lepton numbers due to MSW transitions is B=—2X; ey 2| o el
governed approximately by the differential equations TL TL7=L™)
dL . P2 B P2
VT—_X d(pllT) _ d(pz/T) _ d(p3/T) ’y—4X2 ?z y 6_+X2 ﬂ 1]
at %Y Tt 2 T 37 a1 | T =L
P1 P2
Ly, |dparm| dby [ d(pa/T) y1=1+2%, —TM]”Xz —T(M_L(e))]'
dT S dT |° dT 2l dT |
2 yo=1+X P2 (32
2= 20 7 L (e |t
where T(L7=L®)

In deriving this equation we have assumed that
T T N d(p,/T)/dT<0 and d(p,/T)/dT<0. Observe that
X,d(p,/T)/dT=—A/B and thus for self-consistency Eq.
(31) is only valid provided thaA/B<<0 (given thatX,<0).
If d(p,/T)/dT>0, then Eq.31) becomes
Xg_n'y(NVT NVM), (28) dLVe dLV,u, K dLVT ’Z' E dLV

9T dT B dt y,y, a3

and theX; are evaluated gp=p; (i=1,2,3). Note thaiX;

depends of through the ratiq; /T and through the depen- Whereﬂ,g'a,'lg'yl have the same form a&,B,a,3,y; €x-
dence of the various chemical potentials DnObserve that cept thatX,— —X,. In this caseX,d(p,/T)/dT= A/B. It

follows that Eq.(33) is only self-consistent provided that

d(pi/T)  a(pi/T)  a(pi/T) Abu,  a(p;/T) dLs, A/B <0. Observe thad(p,/T)/dT must be continuous,
T at T aT which means that(p,/T)/dT changes sign only wheA
ve “n changes sign and E¢31) maps onto Eq(33) continuously
a(p;/T) AL, becaus&d = —A (and thueA =A at the ppint wheré=0).
oL a7 (29 If d(p,/T)/dT changes sign at some poipt/T=q then we
Vs must make the replacemeRt=0 for p,/T<qg [assuming

that initially d(p,/T)/dT<0] since the previous MSW tran-
with sitions have populated, for p;/T<g.
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In solving Eq.(31) we will assume that the initial number \/2 rfz
(36)

) | e
of sterile neutrinos can be neglectétis will be valid for a Sinf26,<5% 10 e[_2_| M7
wide range of parameters as will be discussed Jat¥e start

the evolution of Eq(31) whenT=T./2 [with T, given by . .
Eq. (12) for »,- v oscillationd. There is a range of values of Note that after the lepton number is created, the oscillations

L, at this point that is related to the range mi/T [Eq no longer excite significant numbers of sterile neutrinos until
VT ) — 2 . . - - . .
(22)] through Eq/(16). Performing the numerical integration, L»,=10 . At this point thew - s oscillations(recall that

we find that the final electron neutrino asymmetry23] we are assuming that, >0) transferv,— v. The effect
; , ) ) of these oscillations on the overall energy density depends on
L, /h=2.0x10"% for 10=[sM*|/eV*=3000, the temperature wherie, =102 occurs, which in turn de-

pends or dM?|. There are essentially three regions to con-
L} /h=17x<10"? for |sM?|/eV’=3000 (34  sider: 10<|6M?|/eV?=<3000, |SM?/eV?=<10, and |sM?|/
eV?=3000.
and recall thath=T /T5. We found thatL},_is approxi- For 10<|6M?|/eV?=3000, we have numerically calcu-

mately independent ofes/ T for p,e/T in the range given lated the final number and mean energiesof vs, ve, v,
by Eq.(22). We also found numerically that’ _is approxi- (the number and energy densities of the neutrinos are ap-

. I roximately unchanged in this regipnNormalizing the
mately independent of the initial value bf_(atT=T./2) so P y g gio g

number density to the number of neutrinos whep=0,
long asL, <L, at this temperaturéwhich should be valid no= 2 £(3)T% =2, we find
since efficient generation dIVe does not occur until much
lower temperatures wher‘eyT has become very largeln NN, N, N
addition, we found thaLf,e is independent of the precise - S= n”20.95, - 1=0.44, . :
value of the initial temperaturéso long as the initial tem- 0 0 0 0
perature is less thah, andL”7<l atthis temperatujeThe Note that the total number is approximately unchan@ed,

reason for this ind_ependence is simply du? to the fact th36_95>< 2+0.44+0.66=3). We find the final mean energy for
significant generation df , cannot occur untiL, becomes — .

e i e P U the v, (E), to be slightly less than the mean energy for a
Iarge =109). The fmgl asymmetrjcye is alsg independent  Eormi-Dirac distribution withw, =0, (Epp)=3.15T [(Eg)/
of sinf26, so long as sif26,<1 for aforementioned reasons. (Epp)=0.88]. For this reason there is a small overall change
Finally, and perhaps of most interest, we find t"lé’% iS in energy density, equivalent to aboﬁN‘;’“:—0.0S. For
almost independent 46M?| so long a§éM?/=3 eV?. For  [SM?|=3000 eV, L is reached forT=Tg, and so
|oM?|<3 eV?, L,_does not become large unfis1 MeV. p, ==, . In this case, there is an additional contribution

For temperatures in this range, the effectlof cannot be to the energy density coming from the neutrinos due to
described in terms of chemical potentials because the wedke negative chemical potential, . In this case we find that
interactions are too weak to thermalize the neutrino distributhe overall change in the eneTrgy density is considerably
tion. For this reasorLfVe should be much smaller since the |arger and equivalent th'ﬁ“:OA. Finally, for |[6M?|

V.- v, resonancgwhich occurs at a momentum that is al- =10 e\, the change in the energy density quickly becomes

— : : completely negligible because the weak interactions are un-
ways greater than the - v resonancesimply interchanges . . S L
ys 9 7 ﬁ, —,b Py 9 able to thermalize the neutrino distributions. The oscillations
almost equal numbers af 's and v,'s.

We now apply the above analysis to BBN. Recall that theSimpI.y transf_ervT to v and the total number and energy
neutrino oscillations affecl'txl'iff in two ways. First, the cre- dec\?lty rem?|n upc?ﬁngis. ¢ of ! dth di
ation Oﬂ'fve and the related modification of the neutrino mo- -e. ”9W urn to the efiect o Ve gn . € cor;espon g
mentum distributions directly affects the nuclear reactionmOd'ﬁc"’Itlon (.Jf the momentum dlg,tnbuzuons off thro_ugh
rates that determine the neutron to proton ratio. Second, t uqlear reafctlon rates. For $_Q5M /eVv = 3000, the d|str|—_
oscillations can modify the energy density of the Universe b ution of LVe can be approximately described by chemical
the excitation of the sterile neutrino and the modification ofpotentials:;=0.06 andwu,=0. For|SM?/=3000 eV, the
the neutrino momentum distributions due to chemical potenlepton number is created above the chemical decoupling
tials. We first discuss the energy density question. temperature. In this case the distribution Ldje can be ap-

For T>T, the v,-vs oscillations can excite the sterile proximately described by chemical potentials=0.025 and
neutrino(and antineutrinp In Ref.[5], a detailed study was 7; ~ —0.025. We find that fol SM2|=10 e\?, L=Lf is
done that found tha;b,,S/pVSO.G provided that ©

~0.66. (37)

reached folT=1.5 MeV. Thus, to a good approximation, the
chemical potentialiilye,ﬁje are approximately constant dur-
(35) ing the nucleosynthesis era. Using our BBN code, we find
that the modification off, due to the chemical potentials is
8Yp=—0.005 for u;=0.06, u,~0 and §Yp=—0.006 for
Furthermorep,_/p,—0 very quickly as sif26,—0. In par-  5—-0.025,%,~ —0.025. From Eq(3), this translates into a
ticular, we found thapg/p,=<0.1 for reduction of the effective number of neutrino degrees of free-

2

| M7

1/2
Sirf260,<4x10°
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dom during nucleosynthesis. Including the effects of thethe quantitied?; also depend on timeor, equivalently, tem-
change in energy density discussed earlier, we find that  peratureT.) The number distributions aof, and v are given

by

SN®T=—0.5 for 10<|6M¥/eV?<3000, 1
N,,= 5 Po(P)[1+P(p)IN;Y,

SNE=—0.1  for | 6M2|/eV2=3000. (38)

1
N,,= 5 Po(P[L=P,(p)IN?, (40)
For this result, we have considered the case of negligible

excitation of sterile neutrinos for temperatures abdye

that is, Eq.(36) has been assumed. Note that if we had asyvhere

sumed that », Was negative instead of positive, then the sign 5
of L, is also negative and the change Y due to the Neq_ip— (41)

asymmetry is opposite in sign as well. This leads to o 2m? 1+exp{p+'u”
ON®"=10.4(0.9) for 1Gs|6M?|/eV2<3000 (5M?2|/eV? T
=3000).

In our analysis we have neglected the effects of theds the equilibrium number distribution. Note that there are
Vu~Vs, Vu-Ve, @ndve-vg oscillations. It is usually possible  anajogous equations for the antineutrifiadth P(p) — P(p)

to neglect these oscillations jtSm_2|<_|5M2_| because the . Py—Pe]. The evolution ofPo(p) and P(p) are gov-
lepton number created by,- v oscillations is large enough erned by the equatiord 8]

to suppress the oscillations that have much smaliet. Of
course, in some circumstances these oscillations cannot be
neglected. For example, in Réb], we showed that the ef-
fects of maximal .- v oscillations with| Sm? | =10"2 eV?

y72
(as suggested by the atmospheric neutrino anof24lly can

only be neglected ifsm?|=30 e\2. Interestingly, this pa- Do)+ EI = } P (D)4 P(D)Y
rameter space overlaps considerably with the parameter (P) dt NPo(P) |[P(P)X+Py(P)Y],
space whereSNﬁﬁz—O.S, according to Eq(38). Note that

J 1% ~
SP(R)=V(p)X P(P) +[1=Po(p)] > InPo(p) |2

this parameter space is also suggested if#tmeutrino is a ﬁ _
significant component of dark matter. at Po(P)=R(P). (42
V. EVOLUTION OF THE LEPTON NUMBER FROM THE The quantityV(p) is given by
EXACT QUANTUM KINETIC EQUATIONS
In this section we study the evolution of the neutrino V(p)=B(P)X+\(P)Z (43

asymmetry by numerically integrating the exact quantum ki-
netic equationg18]. This formalism allows a nearly exact where(p) and\(p) are defined by
calculation to be performed that is valid at both high and low

temperatures. As we have discussed, for high temperatures Sm2
T=T, the evolution of the lepton number is dominated by B(p)= 2—sin 20q,
collisions (assuming|ém?|=10"* eV?), while at lower P

temperatures the evolution of lepton number is dominated by
oscillations between collisiondISW effec).

The system of an active neutrino oscillating with a sterile Ap)=— E[COS Xy—b(p)xa(p)], (44)
neutrino can be described by a density mditig,28. Below
we very briefly outline this formalism. The density matrices
describing an ordinary neutrino of momentymoscillating
with a sterile neutrino are given by

m2

in which the plus(minug sign corresponds to neutrifan-
tineutring oscillations. The dimensionless variabla$p)
andb(p) contain the matter effects and are given in Ej.
The quantityD (p) is the quantum damping parameter result-
1 ing from the collisions of the neutrino with the background.
p(P)=5Po(P)[1+P(p)- o], According to Ref[29], the damping parameter is half of the
total collision frequency, i.eD(p)=FVa(p)/2. Finally, note

that in Eq.(42) the functionR(p) is related td", (p) and its
1 _ o S . «
-_p 1+P(p)- o], 39 specific definition is given in Refl18]. For temperatures
py(P) 2 o)L (P)- ] 39 above 1 MeV, we can make the useful approximation of
setting N, =N;% and N, = N%'. This means that
where P(p) = P(p)x+ Py(p)y + P,(p)z. (It will be under-  Po(p)=2[1+P,(p)], Po(p)=211+P,(p)], and conse-
stood throughout this section that the density matrices anduently
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FIG. 1. Evolution of thev - v oscillation generated lepton number asymmeitry. We have taken by way of example the parameter
choicedm?=—10 e\ and sif26,=10°. The dash-dotted line is the result of the numerical integration of the quantum kinetic equations
[Egs.(49) and(42)]. The solid line is the result from the numerical integration of @®), while the dashed line is the static approximation

developed in Ref{5].

Po(p) =2 dPyp)
tt [1+P.p)]? ot
IPo(p) -2 9P,p)
- 4
Jt [1+P,(p)]? ot 49

For the numerical work, the continuous varialgér is
replaced by a finite set of momenta,=p,/T (with
n=1,... N). The variable(p) andP,(p) are replaced by
the set ofN variablesP(x,) and Py(x,). The evolution of
each of these variables is governed by Hg®), where for
each value oh the variables/(p) andD(p) are replaced by

V(x,) andD(x,). Thus the oscillations of the neutrinos and

antineutrinos can be described by 8imultaneous differen-
tial equations.

The rate of change of the lepton number is given by
dL, (n, —n,) d
o dt

d (n,,—n,)
dt dtf n

Ny

|

Y

Thus, using Eq(40),

dL,,
dat

—l f [Po(1— PN —Py(1— P,)N%%d p}.
ny Va a
(47)

1d
2 df

Taking the time differentiation inside the integral we find
that

dL,,
dt

N _ Ng

if [Po(1-P)] N,
-2 ot n,
eq

APy(1-PYI Ny,
ot n

dp, (48

Y

where we have used the result tHéf%d p/n, is approxi-

mately independent df. Expanding this equation using Eg.
(45), we find

dLVa_lf oq 2 0P,
dt n,

LR

2 9P
e~ ' Z
N TR, ot dp-

(49

Equations(42) and (49) can be numerically integrated to
obtain the evolution okt - [30,31. We illustrate this with an

example. For definiteness we will consider the v system.
In Fig. 1 we takedm=—10 and sif26,=10"° (we set
7=4x10"'% and tookL, =0 initially [32]). The result of

numerically integrating Eq942) and (49) is shown in the
figure by the dash-dotted line. Also shown in Fig(dhshed
line) is the “static approximation”[Egs. (94) and (93) of
Ref.[5]]. As discussed in Ref5], the static approximation
assumes that the system is sufficiently smooth and that the
dominant contribution to the rate of change of the lepton
number is collisions. As shown in Fig. 1, the static approxi-
mation is a good approximation at high temperatures. How-
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FIG. 2. Evolution of the neutrinédashed lingand antineutrindsolid line) resonance momenta for the example of Fig. 1.

ever, as discussed in R¢b], the static approximation does — N+ N2+ 4N cos20,
not include the MSW effect, which is the dominant physical Pres= N for antineutrinos.
process at low temperatures. As expected, the MSW effect 1

keepsL, growing likeL, ~1/T* for much lower tempera- In Fig. 2 we have plotted the evolution of the resonance
tures. We have also checked our simplified equati@ for =~ momenta for the neutrinos and antineutrinos. As this ex-
the evolution of lepton number due to MSW transitions. Weample illustrates, the neutrino resonance momentum moves
started the evolution of this equation®tT/2=13.5 MeV  to very high values a3 <T., while the antineutrino reso-
with the value ofL,_at this point obtained from the quantum nance Im‘?men}tjrm Bng\/fes 1t_0 Y?%)'OV\\/’VVaLL(W'?h mdﬂ:;ls t
. . ’ _ example is =0.6 for T= . We have found tha
keretlc equatlons_ of_,,722.92>< 10_5' Th? subse_quent VO this b%havigrresis quite general,cwith the antineutrino reso-
lution of L,_obtained from numerically integrating EQL8)  nancep,./T in the range(22) at T=T./2 as sif26, and
is given in Fig. 1 by the solid line. As the figure shows, Eq. 8m? are varied.
(18) is a very good approximation for the evolution of the
neutrino asymmetry at low temperatures. This provides a
usefu[ check of the validity of the approximate approach |, summary, we have extended previous work on the neu-
used in Sec. IV for these, v, ,v,,vs four-flavor system.

S . / : _ trino oscillation generated lepton number in the early Uni-
It is instructive to examine the evolution of the neutrino yerse by studying the evolution of the lepton number at low

and antineutrino resonance momenta. Recall that the res@smperatures where the MSW effect is important. We ap-
nance for neutrinos occurs whérn-a=cos,, while the  plied this work to examine the implications of the neutrino
resonance for antineutrinos occurs wheha=cos,. Let  asymmetry for BBN in two illustrative models. In the first
us write model, electron-neutrino asymmetry was created directly by
ve- Vg Oscillations, while in the second model the electron-
b=X\,p?, a=A\.p, (50) peutrino asymmetry was created indirectly by the reprocess-
ing of a 7 neutrino asymmetry.
One result of this study is that the naive conclusion that
where\; and\, are independent gb and can be obtained sterile neutrinos only increase the effective number of neu-
from Eq. (9). Note that\;,\,>0 given thatém3,<0 and

trino species r@i“) during the nucleosynthesis era is actually
assuming L(¥>0. Solving the resonance conditions wrong. Neutrino asymmetries generated by neutrino oscilla-

b*a=cos®,, we find that the resonance momenta satisfy tions can naturally lead to a decreaseNifi'. Furthermore in

the case where the electron-neutrino asymmetry is trans-

ferred from th r u neutrin mmetri he electron-
Ao+ VN2 F 4N ,C0S 2, erred from ther or u neutrino asymmetries, the electro
Pres™

for neutrinos, (51)  Neutrino asymmetry is approximately independent &h?|
2N\ and sirf26, for a wide range of parameters. This leads to a

VI. CONCLUSION
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prediction of SN®"=—0.5 if the asymmetry is positive for an ACKNOWLEDGMENTS
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